Vascular pathologies represent the leading causes of mortality worldwide. The nervous system has evolved mechanisms to compensate for the cerebral hypoxia caused by many of these conditions. Vessel dilation and growth of new vessels are two prominent responses to hypoxia, both of which play a critical role in maintaining cerebral homeostasis. One way to facilitate cerebrovascular plasticity, and develop neuroprotection against vascular pathologies, is through aerobic exercise. The present study explored the long-term consequences of aerobic exercise on vascular structure and function in the motor cortex. Rats were assigned to a sedentary condition or were provided access to running wheels for 26 weeks. Rats were then anesthetized, and angiograms were captured using spectral domain optical coherence tomography (SD-OCT) to explore cerebrovascular reactivity in response to altered oxygen and carbon dioxide status.
Introduction
Vascular associated pathologies are the leading cause of fatality worldwide (1) . Cerebral hypoxia, a state where oxygen availability to tissue is reduced (2) , can manifest as a result of these medical conditions. The nervous system has evolved mechanisms to compensate for the lack of oxygen and glucose supply associated with cerebral hypoxia (2, 3) . Acute responses to hypoxia involve vasodilation, which can then be followed by blood vessel growth if hypoxia exposure is chronic (4) . These changes may protect the organism from subsequent ischemic insult (5) . One way to induce vascular plasticity, in a non-pathological state, is through aerobic exercise. Exercise facilitates blood vessel growth in the brains of both human and non-human animals (6) (7) (8) (9) (10) . As a result, exercise produces a more robust and flexible cerebral vascular system that, in turn, may make the brain better equipped to respond to cerebral hypoxia, which is a key feature of brain injury (e.g., ischemic stroke (11) ) and various neuropathologies (e.g., Alzheimer's disease (12) ).
In rodents, it has been demonstrated that 3-4 weeks of aerobic exercise increases blood vessel density in areas involved in movement such as the cerebellum (13; 15-17) , striatum (18, 19) , and primary motor cortex (17, 18) . Specifically, four weeks of wheel running increased blood vessel density in layers II, III (18) , and V (17) in the forelimb area of the rat primary motor cortex. However, not all experiments have identified structural plasticity in the vascular system post exercise, showing stable blood vessel morphology after 2-10 weeks of wheel running in the mouse primary motor cortex (19, 20) . Discrepancies in current literature may be due to important effect modifiers, such as the age of the animal, which may be associated with decline in running J o u r n a l P r e -p r o o f distance (21) . Irrespective of age, exercise might also produce functional alterations in the immediate hemodynamic response that may protect the brain from changes in oxygen and carbon dioxide levels. Though, similar to studies on structural plasticity, current findings remain somewhat equivocal. In the primary motor cortex, exposure to hypercapnia, a condition of elevated carbon dioxide that typically produces vasodilation (22, 23) , has been shown to increase cerebral blood volume and flow to a greater degree in rats that exercised for four weeks than those that remained sedentary (18) . Other studies have shown that these functional adaptations may be protective against ischemia, reducing infarct volume in the cerebral cortex (24, 25) . However, additional research has shown that hypercapnia induction in the mouse primary motor cortex produced hemodynamic responses that were reduced in mice that ran for five weeks, compared to the sedentary group (20) . More specifically, blood flow doubled in sedentary mice exposed to hypercapnia, but increased by only 30% in mice that exercised (20) . Thus, our understanding of the degree in which exercise-induced structural and functional alterations to the cerebrovascular system may protect against hypoxic effects remains tentative and incomplete. To our knowledge, only one study has examined the long-term structural effects of exercise on vascular plasticity in the primary motor cortex, but has provided some evidence for persisting effects of exercise on increased blood vessel density in the primary motor cortex of aged monkeys that exercised for 20 weeks (26) . Identifying the effects of long-term exercise is important. When rodents first have access to running wheels, distance run daily increases for the first few weeks, before plateauing and declining after approximately five weeks of exercise (21) . It is imperative to understand whether or not these neuroprotective vascular events persist beyond the initial weeks of training, where running is at maximal levels.
The present experiment aimed to determine the effects of 26 weeks of aerobic exercise on blood vessel density and cerebrovascular reactivity in the adult rat primary motor cortex.
J o u r n a l P r e -p r o o f
Exercise animals had unlimited access to running wheels for 26 weeks, and then blood vessel surface area density measurements in the forelimb region of the primary motor cortex were completed. To determine differences in cerebrovascular reactivity after 26 weeks of exercise, animals were exposed to a baseline and hypercapnic-hypoxic condition. The changes in oxygen (10%) and carbon dioxide (5%) levels were chosen in an effort to expose animals to both hypoxia and hypercapnia. These levels of hypoxia and hypercapnia are known to produce vasodilation of cerebral vessels (23, (27) (28) (29) . Cerebrovascular reactivity was quantified as the degree of vasodilation that occurred in response to the hypercapnic-hypoxic condition.
Methods

Animals
Fourteen 2-month old male, Long Evans rats (175-199 g; Envigo, Madison, WI) were randomly assigned to either an inactive control (IC; n = 7) or voluntary exercise (VX; n = 7)
group. After one week of acclimation, VX animals were moved to cages containing running wheels (Lab Products Inc., no longer sold; 35 cm in diameter), and IC animals remained sedentary in standard home cages. For VX animals, the number of wheel revolutions completed was recorded daily for the 26 weeks of exercise. One revolution equaled one meter. Food and water were available ad libitum, and animals were maintained on a 12 h light/dark schedule for the duration of the experiment. All animals were single-housed for the duration of the experiments. 
SD-OCT: Imaging vascular network diameter in vivo
Three-dimensional angiograms were obtained using a custom-made SD-OCT system. SD-J o u r n a l P r e -p r o o f OCT (30) allows for three-dimensional imaging of the vascular network (31) (32) (33) (34) . SD-OCT was employed because it allowed for the capture of images of blood vessels in the primary motor cortex, in vivo, within the same VX or IC animal, as it was exposed to both baseline and hypercapnic-hypoxic conditions. Details of this system are represented in (38, 39) . Briefly, the technique involves raster scanning a loosely focused beam of low coherence light onto the region of interest. When this beam interacts with brain tissue, part of the photons backscatter and are collected by the system. To reconstruct a depth resolved image of the region, the backscattered sample beam is interfered with a reference beam within the system that traveled a known distance.
Recombined sample and reference beam is diffracted by an optical grating and focused on the sensor region of a line charge-couple device (CCD) camera, to form and capture interference patterns. The recorded interference pattern in the wavelength domain is interpolated to obtain the representation of the interference pattern in the optical frequency domain. Fast Fourier Transform (37) is applied to the spectral data and translates the frequency intensities into a depth profile.
Each pixel in this depth profile represents a depth in the sample and has a complex value where its absolute value is associated with the amount of detected backscattered light from the sample at that depth. This is known as an A-scan. By sequentially repeating this process at different transverse positions in the region of interest, a cross-sectional image (B-scan) can be generated.
Moving particles (including red blood cells) introduce temporal changes in the absolute value and phase of the corresponding pixel in the complex-value B-scan. Cross-sectional angiograms are obtained by capturing multiple B-scans from the same cross section and detecting those changes.
To construct a three-dimensional angiogram, the cross-sectional angiograms are stacked in sequence (30) (31) (32) (33) (34) (35) (36) 38) .
After the 26-week exercise period, all animals were prepared for SD-OCT scanning.
Animals were anesthetized using 4% isoflurane in oxygen (4 L/min). The head of each rat was J o u r n a l P r e -p r o o f fixed into a stereotaxic apparatus and anesthesia was maintained between 1.5-3% isoflurane in oxygen (0.6 L/min) for the duration of the surgery. The scalp was retracted and a Dremel tool was used to drill a thin ~3 x 3 mm 2 translucent hole over the skull region above the right forelimb representation (left hemisphere) in primary motor cortex (from Bregma: 1.2 mm posterior and + 2.5 mm lateral; (39) ). The thinned skull section and underlying dura mater were then removed with a tissue forceps. The objective lens of the SD-OCT scanner was situated and secured over the identified region of interest. Heart rate and blood oxygen saturation was monitored with a pulse oximeter (Pulsesense TM VET 2014, Nonin Medical, Inc., Plymouth, MN) throughout the duration of surgical and SD-OCT procedures. Due to technical difficulties, one IC and two VX animals died during the procedure and no angiograms were collected from these animals. Additionally, the right hemisphere was viewed in one VX animal, instead of the left, due to bleeding in the left hemisphere.
Administration of isoflurane persisted throughout the duration of each scanning session. For the baseline anesthesia condition, isoflurane was maintained at 1.5-2.5% in 100% oxygen (0.6 L/min). For the hypercapnic-hypoxic condition 1.5-2.5% isoflurane continued, but instead of 100% oxygen, animals were exposed to a mixture of 85% nitrogen, 10% oxygen, and 5% carbon dioxide.
These levels of oxygen and carbon dioxide have been considered hypercapnia-hypoxia previously and were shown to produce cerebral vessel vasodilation (23, (27) (28) (29) . For each condition, scanning lasted ~30-45 min and 2-4 three-dimensional OCT angiographs were captured in each condition.
During scanning, the SD-OCT device did not touch the tissue; rather, it scanned a field of view with about 3 mW of near-infrared light with a central wavelength of 1,300 nm (35) . For angiographic imaging, cross sections within a 2 mm x 2 mm scanning field were imaged 10 times before moving to the next cross-sectional position (B-scans). Each B-scan consisted of 650 A-scans. This procedure was repeated for 650 cross sections resulting in 6500 B-scans over the 2 mm x 2 mm J o u r n a l P r e -p r o o f field of view. The system used in this experiment had a light source at the central wavelength of 1,300 nm and spectral bandwidth of >170 nm, which produces a depth resolution of ~5 µm within a maximum 2 x 2 x 1.6 mm 3 volumetric scanning field. However, it should be noted that signal to noise ratio (SNR) of SD-OCT images was degrading at deep regions. Moreover, larger vessels obscured the beam of light from penetrating this full depth. This means angiograms were largely captured from superficial cortical layers. A 10x objective was used to provide a lateral resolution of ~ 4 µm. Angiograms from one IC animal were of poor quality and were excluded from later analyses. Thus, SD-OCT data was successfully collected during baseline anesthesia and hypercapnia-hypoxia from five VX and five IC animals.
Using MATLAB software (MATLAB and Image processing toolbox Release 2012b, The MathWorks, Inc., Natick, MS), Fast Fourier transform (37) was applied to the interpolated interference patterns recorded at each lateral position to obtain a depth profile of the tissue. Concatenating depth profiles of each A-scan provided a cross-sectional image. To produce a cross-sectional angiogram at each position, a local motion compensation algorithm followed by a phase-sensitive angiography technique was applied to the 10 B-scans that were recorded from each cross section (35) . After motion compensation, the average difference between all 10 Bscans was calculated. The total number of 650 cross-sectional images were calculated over an area of 2 mm x 2 mm; each cross section consisted of 650 lateral positions. After stacking all crosssectional scans to form the volumetric angiogram, a 3D blurring kernel was applied to reduce the noise and then the two-dimensional maximum intensity projection of the angiograms was obtained. Adaptive histogram equalization was applied to improve the contrast of maximum intensity projection images. This process was repeated following each subsequent scanning session.
Angiograms from each animal were coded prior to vessel diameter quantification, and J o u r n a l P r e -p r o o f diameters for vessel size ranges were predetermined. Small arterioles and venules were considered to range from 10-30 µm, medium arterioles and venules from 31-100 µm, and large arteries and veins were classified as >101 µm. Capillaries, vessels <10 µm in diameter, could not be resolved with this imaging technique and were largely excluded. To randomly select vessels for diameter measurements, Image J (Rasband, 1997-2016; (40) ) was used to superimpose a point grid onto each angiograph. Vessels that fell on points were selected for diameter measurements. For each animal, 20 vessels from each vessel range (small, medium, and large) were measured in both oxygen conditions. Diameter was measured in baseline images and at the same position in hypercapnia-hypoxia images ( Figure 3A -D).
Traditional Histology: Viewing vascular morphology post-mortem
All 14 animals were included in standard histology analyses. Following SD-OCT scanning procedures, each animal was anesthetized via immersion in an isoflurane chamber. It should be noted that all animals could not be euthanized on the same day, due to the length of the SD-OCT produces. However, all animals were euthanized within one week of completing the exercise regimen. Once breathing had ceased, animals were transcardially perfused with 200 ml of 0.1 M phosphate buffer, and, to fill blood vessels, this was followed by 200 ml of India ink solution (37°C) using a syringe pump (Razel Scientific Instruments, Stamford, CT) at a rate of 35 ml/min. India ink (Higgins Black Inc, Leeds, MA) solution was prepared the day before perfusions (for each animal: 100 ml of 0.2 M phosphate buffer containing 15 g of gelatin (~300 bloom, Sigma) and 50 ml of deionized water). On the day of perfusions, 50 ml of India ink was added when the solution was heated to 37 °C (41). After perfusions, brains were extracted and post fixed in 4% paraformaldehyde for 24 h at 4°C. Brains were next cryoprotected for 24 h at 4°C in 30% sucrose prior to sectioning using a Leica CM 3050 S cryostat (Wetzlar, Germany). The primary motor cortex was dissected out from layers I-VI, and then 40 µm thick sections were collected through J o u r n a l P r e -p r o o f the same region and hemisphere of the primary motor cortex scanned using SD-OCT. It should be noted that although the region of the primary motor cortex that was analyzed for SD-OCT was included in histological analyses, all layers of the primary motor cortex could be examined with standard histological analyses. Tissue slices were mounted on microscope slides, dehydrated, and coverslipped with Permount (Fisher) for vessel quantifications Fifteen slices per animal were randomly selected for imaging at 400x magnification using a light microscope (Olympus, America, Incl., Center Valley, PA) with an attached SPOT digital camera (Diagnostic Instruments, Inc., Sterling Heights, MI). Consecutive, non-overlapping images of the entire primary motor cortex sections were captured. After sections were imaged, all images were coded and, using a random number generator, ten images per animal were selected for unbiased stereology to quantify blood surface area density. Surface area density is an estimate of the area of tissue covered by vessels. Images were opened in Image J (Rasband, 1997-2016; (40) ) and a point grid was superimposed. To quantify overall blood vessel density, points that fell on a blood vessel were counted (42) . During this analysis it became clear that only the capillaries had retained the India ink stain, with the ink possibly washing out during dehydration and coverslipping. Despite lack of filling, other vessel ranges were clearly visible as spherical lumens at 400x magnification. This pattern of filling was also conducive for an analysis comparing densities of capillaries (<10 µm) and all other vessel sizes (>10 µm, Figure 4A ,B).
Statistical Analyses
Data for each animal were averaged across appropriate groups and conditions. The between subjects independent variable was exercise group (VX or IC) and the within subjects independent variable was oxygen condition (baseline or hypercapnia-hypoxia). In the SD-OCT imaging analyses, dependent variables included vessel diameters of the small (10-30 µm), medium (31-100 µm), and large vessel (>101 µm) categories. In the standard histology analyses, J o u r n a l P r e -p r o o f dependent variables included total blood vessel surface area density or surface area density for capillaries (<10 µm) compared to all other vessels (>10 µm). Separate analyses were run for the SD-OCT and standard histology data. For the SD-OCT data, a two-factor mixed MANOVA compared the effects of exercise group and oxygen condition on blood vessel diameter for the small, medium, and large vessel categories. For the standard histology data, a t-test compared the effects of exercise treatment on overall blood vessel surface area density, and to determine whether capillaries were solely responsible for any observed increases in blood vessel density, a one-way MANOVA compared VX and IC groups on blood vessel surface area density for capillaries versus all other blood vessel sizes. All analyses were run using the statistical package for the social sciences (SPSS), and a value of p < 0.05 was considered statistically significant. 
Results
Running Behavior
Animals ran a mean distance of 1,042 m each night over the first seven days they had access to running wheels. Distance increased rapidly over the first seven weeks until peaking at a mean distance of 5,398 m per night during the seventh week (Figure 1 ). After the seventh week, weekly revolutions continued to decrease gradually, until finally reaching distances similar to the first week of wheel running. The mean distance run for the full 26-weeks was 53,154 m. In the VX animals, there was an 11.68% increase in small vessel diameter from baseline to hypercapnia-hypoxia, but in IC animals, there was only a 6.77% change in vessel diameter from baseline to hypercapnia-hypoxia. Taken together, these findings indicate that small vessels in the VX group undergo a greater degree of dilation in response to hypoxia-hypercapnia.
Vessel Expansion in Response to Hypoxia from SD-OCT
Blood Vessel Density from Standard Histology
A t-test showed that the VX group (M = 0.3191, SD = 0.08724) had a greater total blood vessel surface area density than the IC group (M = 0.1864, SD = 0.01840; t(12) = 3.936, p < 0.01, d = 2.1048, effect size = 0.4439; Figure 4C ). To determine if capillaries were responsible for this increased area of blood vessels, VX and IC groups were compared for differences in the surface area densities of capillaries (<10 µm) relative to differences in the area of other vessel sizes (>10 µm). Interestingly, in the VX group, the surface area density F(1,12) = 15.813, p = 0.002, partial-eta 2 = 0.569; Figure 4D ) and all other vessels in the IC group (M = 0.0542, SD = 0.02024, 95% CI [-0.008, 0.116]; F(1,12) = 5.919, p = 0.032, partial-eta 2 = 0.330; Figure 4D ), respectively.
Discussion
The purpose of this study was to investigate the effects of long-term exercise on blood vessel density and cerebrovascular reactivity in response to hypercapnia-hypoxia in the rat primary motor cortex. The VX group exercised for 26 weeks while the IC group remained sedentary, and all animals were subsequently exposed to a baseline and hypercapnic-hypoxic condition. Blood vessel diameters for three size categories (small: 10-30 µm, medium: 31-100 µm, and large >101 µm) were measured for each condition within and between subjects using SD-OCT generated angiograms. Following exposure to the varied oxygen and carbon dioxide conditions, all animals were euthanized and perfused with India ink for quantification of the total blood vessel surface area density, and the area of tissue covered by capillaries (<10 μm) compared to all other vessel sizes (>10 μm).
Blood vessel diameter measurements from the SD-OCT angiograms showed both groups exhibited vessel expansion during hypercapnia-hypoxia, but only in the small size vessels (10-30 µm). Furthermore, the VX group had wider small vessel diameters than the IC group, with the widest size of small vessels for all groups and conditions being observed in the VX group under hypercapnia-hypoxia ( Figure 2 ). There was no significant change in diameter in the medium or large vessel categories within or between groups. Histology data confirmed an overall increase in blood vessel density in the VX group, relative to the IC group, and this effect was present in both capillary (<10 μm) and all other vessel sizes (>10 J o u r n a l P r e -p r o o f μm; Figure 4 ).
Exercise Facilitates Angiogenesis in the Primary Motor Cortex
The increase in blood vessel surface area density observed in VX rats in this experiment complements findings from numerous previous experiments that have detected increased blood vessel density or angiogenic factors in motor regions of the brain following aerobic exercise (13, 14, 16, 18, 24, 26, (43) (44) (45) . Our experiment expands on this, indicating both capillaries (<10 μm) and larger vessels (>10 μm) have the capacity to undergo structural plasticity in response to chronic exercise. Increases in blood vessel density following aerobic exercise have typically been attributed to angiogenesis, the sprouting of new capillaries from existing vessels (13, 14, 17, 18) , and increases in the CD61 integrin, which is expressed on developing capillaries, was elevated in the primary motor cortex after one month of exercise (18) . Previous experiments measuring the effects of aerobic exercise on blood vessel structure have either analyzed only microvessels (24, (44) (45) (46) or only capillaries (14, 19) , some experiments have included vessels of all sizes in their analyses (13, 43, 47) , and others have categorized by capillary, arteriole, and venule (20) .
Blood vessel diameter is an important consideration for fully characterizing structural plasticity following aerobic exercise, as angiogenesis typically only occurs in capillaries, not larger vessels (48, 49) .
Based on previous observations in the primary motor cortex (26) , the most plausible explanation for the increased capillary (< 10 μm) surface area density observed in the current experiment is angiogenesis. To meet the metabolic demands of neurons online in the primary motor cortex during repeated limb movement, the number of capillaries increased and produced a more extensive capillary network. Previously, six months of exercise increased the expression of cytochrome oxidase, an enzyme involved in ATP J o u r n a l P r e -p r o o f production in limb regions of the motor cortex, which is indicative of increased metabolic capacity (50) . Furthermore, angiogenesis in response to metabolic demand is established (51, 52) , and endothelial cells have the ability to detect oxygen and nutrient deprivation, and in response, can switch from a quiescent state to a state of active proliferation and formation of new vessel branches (51) . It should be considered that an increase in capillary diameter, instead of number, could also account for this increase in surface area density.
Capillaries are not sheathed in smooth muscle cells like arterioles, but they do have the capacity to dilate or constrict to regulate blood flow, a process mediated by pericytes (53, 54) . Furthermore, although vasodilation is typically a temporary event in response to environmental stimuli, a lasting, 1.6-fold increase in capillary diameter was detected after three-weeks of hypoxia exposure (55) . In summary, based on previous experiments (13, 14, 15, 20, 21, 45, 46) , we postulate angiogenesis primarily accounts for this increase in capillary density. However, future studies should explore capillary diameter expansion following aerobic exercise. This was not analyzed in the current experiment, as it is challenging to assess diameter in two-dimensional histological images, where vessels are sectioned in multiple planes, and capillaries could not be resolved in the three-dimensional SD-OCT angiograms.
Exercise Widens Existing Arterioles in the Primary Motor Cortex
In contrast, the increase in blood vessel density observed for larger vessels (>10 μm) is likely related to a widening of vessel lumens, rather than the increase in vessel sprouting that can occur at the capillary level. SD-OCT angiograms corroborate this explanation, as VX animals showed an increase in blood vessel diameter, regardless of oxygen and carbon dioxide levels, in the small vessel size category (10-30 μm). This indicates exercise produced an expansion of existing vessel lumens, in addition to J o u r n a l P r e -p r o o f angiogenesis in capillaries. This diameter change is specific to vessels ranging from 10-30 μm, with vessels greater than 30 μm remaining structurally stable following aerobic exercise.
Increases in blood vessel density have been detected in the hippocampus, with no change in the number of vessels contributing to this effect (56) . Because a greater number of vessels would be expected in cases of angiogenesis, Kiuchi et al. (56) attributed this change in blood vessel density instead to a lasting, widening of existing vessel diameters.
Additionally, blood vessel perimeter also increased in the hippocampus following exercise, with no change in vessel number (47) . This expansion of existing vessels has been described as arteriogenesis (56) .
Shear stress is the primary stimulus for arteriogenesis, and the classic example of this phenomenon is the widening of collateral arterioles that occurs after the occlusion of a larger, neighboring vessel, that previously served as the primary path for blood flow (57) (58) (59) . However, the fluid shear stress caused by increased cerebral blood flow produced by aerobic exercise may be enough to produce arteriogenesis in the brain (60) . Like angiogenesis, a lasting increase in arteriole diameter would also facilitate oxygen and nutrient delivery to neurons in the primary motor cortex.
Vasodilation in Response to Hypercapnia-Hypoxia is Greater Following Exercise
In addition to structural changes, exercise also produces functional plasticity in the brain vasculature. The small vessels of VX animals dilated to a significantly greater degree (~two-fold on average) when compared to IC animals in response to hypercapnia-hypoxia. A larger degree of vessel dilation in the small vessels of the VX group in response to hypercapnia-hypoxia implies that exercise training may facilitate cerebrovascular reactivity, the ability of vessels to adapt to states of challenge (61, 62) . In an attempt to restore hemodynamic homeostasis, J o u r n a l P r e -p r o o f vasodilation in response to hypercapnia-hypoxia allows more glucose rich hemoglobin to reach neurons. Exercise training may have conditioned the small vessels in the motor cortex to be more responsive to changes in metabolic demand, enabling a greater capacity to dilate in response to the extreme manipulations of oxygen and carbon dioxide levels. Relative to sedentary controls, cerebral blood flow and volume increased to a greater degree in exercised animals under 10% carbon dioxide exposure in the primary motor cortex (18) . Our experiment indicates vasodilation may in part underlie these increases in blood flow and volume documented after one month of aerobic exercise (18) .
One caveat to note is that animals in this experiment were exposed to isoflurane anesthesia during the baseline and hypercapnic-hypoxic conditions. To minimize pain and distress, it was necessary to keep the animals anesthetized during this surgical procedure. Isoflurane itself is known to dilate blood vessels (19, 63, 64) . However, in the primary motor cortex, 1.5% exposure to isoflurane dilated all sizes of blood vessels, including arteries, veins, and capillaries in layers I and II/III (19) . Isoflurane exposure did not disproportionately affect specific vessels in this region of the brain (19) . Based on these findings, and the fact that isoflurane exposure remained consistent throughout the duration of SD-OCT scanning, the majority of vasodilatory effects detected in the small vessels during the hypercapnia-hypoxia condition were likely related to the changes in oxygen and carbon dioxide levels. Nevertheless, due to the isoflurane exposure, all vessels were likely more dilated in, both conditions, relative to their size when breathing air.
Conflicting Findings Necessitate Research on Exercise-Induced Vascular Plasticity
It is important to consider that not all experiments have observed structural and functional plasticity in response to aerobic exercise and/or cerebrovascular challenges in the primary motor cortex (19, 20) . Hypercapnia exposure produced a greater increase in blood flow and red blood cell speed in the primary motor cortex of sedentary controls, compared to mice that exercised for five J o u r n a l P r e -p r o o f weeks (20) , and vessel length and diameter in the primary motor cortex were stable after 2-10 weeks of wheel running (19, 20) . Although these findings starkly differ from the current experiment, there are several variations in methodology that may account for this variability, and, importantly, these inconsistencies highlight the need for additional experiments investigating the effects of exercise on brain vasculature. Foremost, our experiment exposed rats to greater reductions in oxygen availability (i.e., both hypercapnia and hypoxia), while other experiments testing functional plasticity following exercise have only exposed the animals to hypercapnia (18, 20) . This drastic manipulation of oxygen and carbon dioxide levels in our experiment was likely more challenging to the vascular system and elicited a greater vasodilatory response. This may account for some of the observed differences in cerebrovascular reactivity across experiments.
Another factor accounting for irregularities in results could be the species of the animals used. Including our experiment, many experiments detecting increases in angiogenesis and blood vessel density in the primary motor cortex have employed rats (8, 17) , and those finding stable vessel structure following exercise have used mice (19, 20) . Mice (CD-1) and rats (F344), with some variability, had similar densities of blood vessels across brain regions, but the rats did have significantly more capillaries in the 5-7.99 µm vessel size category, compared to mice (65) . Therefore, differences in vessel architecture may exist across species and strains. Anecdotally, mice also tend to have higher baseline activity levels than rats, though only one paper was found that tangentially shows this (66) . With higher baseline activity levels, baseline vasculature in the mouse motor cortex could be better prepared to handle the metabolic demands of aerobic exercise.
A species difference in the degree of vascular plasticity elicited by aerobic exercise may exist, though increases in blood vessel density have been documented in the hippocampus of mice (43, 46, 47) and in the primary motor cortex of monkeys (26) . Age could also be a factor, but J o u r n a l P r e -p r o o f findings remain variable across ages with increased blood vessel density present in the hippocampus of young, but not old mice that exercised (47) and in the motor cortex of aged, but not young monkeys that engaged in treadmill running (26) .
Differing imaging technologies may also explain discrepancies between experiments.
Experiments that have not found changes in vessel structure have used two-photon microscopy to temporally track the same vessels in the mouse primary motor cortex throughout the exercise regimen (19, 20) . This is a powerful tool, and the ability to analyze the morphology of the same vessels as exercise progresses is not achievable with traditional histology methods that require tissue fixation (19) . One potential reason for differences in findings between in vivo two-photon microscopy experiments and fixed tissue experiments is the depth and volume of tissue sampled (19, 20) . Tissue fixation allows a larger volume of the motor cortex to be sampled, and the depth of sampling through cortical layers is unlimited. It is possible that detection of vascular changes requires surveying a larger area or deeper layers of the primary motor cortex. Regardless of these potential methodological differences, results differ across scientifically rigorous experiments, and vascular plasticity following exercise warrants more study.
Vascular Plasticity Persists with Chronic Aerobic Exercise
This experiment shows that exercise produces lasting changes in brain vasculature. The VX group ran for 26 weeks, which is a substantially longer duration than most previous experiments where analyses were completed after approximately one month of exercise (17, 18, 20) , with the exception of Rhyu et al. (26) that found increased blood vessel density in the motor cortex following 20 weeks of treadmill exercise. In our experiment, running distance peaked between weeks 4-7, and gradually decreased to baseline levels thereafter. This pattern seems to match those described by others in rodents (21) . Increased microvessel density was still present three-weeks after the cessation of aerobic exercise in the rat cerebral cortex (45) , but J o u r n a l P r e -p r o o f disappeared in the motor cortex of monkeys after three months of exercise cessation (26) . In the hippocampus, blood vessel density reached baseline levels in as little 24 h following the termination of exercise (46) . Our results demonstrate that, despite decreasing running behavior over the course of nearly five months, exercise-induced vascular changes persist, and the vascular system was better prepared to respond to hypercapnic-hypoxic challenges following this extensive exercise experience. To maintain vascular plasticity linked with aerobic exercise, consistently sustaining extensive amounts of exercise for long durations may not be necessary. Maintaining low to moderate amounts of exercise was enough to preserve structural and functional vascular plasticity in the primary motor cortex.
Clinical Implications
Aerobic exercise is an established treatment for both protection and recovery from stroke (24, 45, 67) . As described, many of the benefits of aerobic exercise can be credited to its effects on the cerebral vascular system (6) (7) (8) 13, 14, 16, 18, 20, 26) . Three weeks of exercise prior to induction of cerebral ischemia in a rodent model decreased infarct volume by 34% (24) to 79% (68) . Furthermore, the vessels near the infarct remained largely intact in the exercise group, compared to sedentary controls that displayed vessels with smaller lumens, thinner basal lamina, and swollen astrocytic end-feet (68) . Exercised animals also exhibited increased cerebral blood flow and enhanced vasodilation, due to increased endothelial nitric oxide synthase (an established vasodilator), during cerebral ischemia, both of which were neuroprotective and produced faster functional recovery (25) . Moderate exercise within 24-48 h after stroke, is also effective in decreasing lesion size and protecting against damage associated with inflammation for up to four weeks (67) . Functionally, exercise completed prior to motor-skill learning, a task that relies heavily on the primary motor cortex, enhanced consolidation of the new motor-skill (69, 70) . In sum, exercise produces a more robust and adaptive cerebral vascular system that can be protective J o u r n a l P r e -p r o o f against damage associated with stroke and other disease states. Our findings contribute to this literature, showing structural and functional changes in the vascular system persist after long-term exercise experience, and these changes prime the vascular system to react more adaptively to metabolic challenges, which are common in vascular associated pathologies. Figure 1 . Average wheel running distance over 26 weeks. Animals initially ran around 1,000 m per night, with distance increasing to its peak of over 5,000 m at seven weeks. From there, distance gradually declined in the following weeks, returning to near baseline levels after 26 weeks of wheel running. Data shown are mean (M) ± standard deviation (SD).
Figure 2.
Diameter of small vessels in inactive control and voluntary exercise groups across baseline and hypercapnic-hypoxic conditions. There was a significant difference in small vessel diameter between baseline and hypercapnic-hypoxic conditions (F(1,8) = 49.647, p = 0.0001). There was also a significant difference in small vessel diameter between control and exercise groups (F(1,8) = 22.335, p = 0.001). A significant interaction revealed that the exercise group, when under a condition of hypercapnia-hypoxia, had the largest small vessel diameter of all groups and conditions (*F(1,8) = 7.648, p = 0.024). Data shown are mean (M) ± standard deviation (SD). Individual animal data points are plotted (n = 5 per group). The control group had a significantly lower total surface area density of blood vessels compared to the exercise group (**t(12) = 3.936, p = 0.002). D) The control group had a significantly lower surface area density for both capillaries (<10 µm; **F(1,12) = 15.813, p = 0.002) and of all other vessel sizes (>10 µm; *F(1,12) = 5.919, p = 0.032) relative to the exercise group. Data shown are mean (M) ± standard deviation (SD). Individual data points are plotted for each animal (n = 7 per group).
